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ABSTRACT 
The lower Paleozoic rocks of the Lehigh Valley are 
extensively deformed and recrystal1ized.  Major features 
of the rock include overthrusts and large scale recum- 
bent folds (nappes) resulting from several episodes of 
t, 
deformation.  Major deformation was during the Taconic 
Orogeny; however there is an overprint from the Acadian 
and Alleghenian Orogenies.  A moderate depth of burial 
during the orogenic events was required to permit the 
plastic deformation of the rock and regional metamor- 
phism. 
The Jacksonburg Limestone is extensively cut by 
veins filled with inter fingering quartz and calcite. 
The vein quartz contains many fluid inclusions.  A 
primary set of inclusions has a homogenization tempera- 
ture of 130-160°C.  One set of secondary inclusions 
orientated in parallel to subparallel planes has a homo- 
genization temperature of 90-100°C.  Other secondary 
inclusions have a homogenization temperature of 40-55cC. 
The Jacksonburg Limestone contains up to 5% 
carbonaceous material.  Step heating in vacuo yielded 
two condensates.  One was a yellow-brown liquid and 
the other was a white wax-like substance.  The yellow- 
brown liquid was first observed at 250 C and the white 
wax-like material was noted only at temperatures over 
300°C. 
The mineralogy of the Jacksonburg Limestone is 
compatible with temperatures indicated by the fluid 
inclusions and carbonaceous material.  The mineralogy 
partially defines the nature of the fluid present 
during metamorphism.  Authigenic albite is present 
throughout the formation, but only concentrated near 
veins suggesting its relationship to the veins. 
Authigenic muscovite of the 2M polytype makes up 30- 
40% of the insoluble residue. 
The homogenization temperature of primary inclusions 
is taken as the maximum temperature the rock has been 
heated.  The temperature obtained from the carbonaceous 
material is in agreement with temperatures indicated 
by primary fluid inclusions if there is a long period 
Q 
of organic metamorphism, for example 10  years. 
INTRODUCTION 
General Statement 
It is the purpose of this study to delineate soae 
of the physical conditions and chemical changes that 
occured during the regional metamorphism of the Jack- 
sonburg Limestone.  Fluid inclusions, carbonaceous 
material, layered silicates, and authigenic minerals 
were studied to establish the degree and nature of the 
metamorphism. 
The lower Paleozoic rocks of the Lehigh Valley 
are extensively deformed and recrystallized.  Major 
structural features include overthrusts and large 
scale recumbent folds (nappes) resulting from several 
episodes of deformation.  Major deformation was 
during the Taconic Orogeny; however there is an over- 
print from the Acadian and Alleghenian Orogenies.  A 
moderate depth of burial during the orogenic events 
was required to permit plastic deformation of the 
rocks and the regional metamorphism. 
Nappe structures and slaty cleavage associated 
with the Taconic Orogeny are expressions of first 
generation deformation.  The second generation of 
deformational features consists of large open folds, 
small crinkle folds, and some slip cleavage.  The 
second generation features are superimposed on the 
first generation, deforming first generation bedding 
and slaty cleavage (Sherwood, 1964; Drake, 1969a and 
b) . 
Statement of the Problem 
The boundary between diagenesis and low grade 
metamorphism in carbonate rocks is poorly defined 
because of a paucity of mineral indicators for low 
temperature reactions.  The lower Paleozoic rocks of 
the Lehigh Valley have been recrystallized; however 
the temperatures during recrystallization were below 
that require for carbonate-silicate reactions and the 
decomposition of the micas.  Thus, the recrystalliza- 
tion may have occured through a large thermal range, 
and traditional approaches to establish the condi- 
tions of metamorphism appear unsatisfactory for nar- 
rowing this thermal range. 
There is a marked increase in the degree of meta- 
morphism of coal from western to eastern Pennsylvania 
Similarily, the carbonaceous material in the lower 
Paleozoic carbonate rock is dark and more "graphitic" 
in eastern Pennsylvania than in central and western 
Pennsylvania.  Because the coal and Lower Paleozoic 
rocks are of different ages, there may be two meta- 
morphic events, each with an increasing grade to the 
east, or the last metamorphic event nay have obliter- 
ated the effect of an earlier metamorphiso. 
The relatively higher metamorphic grade in 
eastern Pennsylvania makes the Lehigh Valley most 
suited for this study.  The Jacksonburg Limestone of 
Middle Ordovician age is an ideal rock unit for study 
because the rock contains appreciable carbonaceous 
material, is veined with calcite and quartz, is argil- 
laceous with a complex mineralogy, and there are good 
exposures showing structural relationships in quarries 
Approaches 
Carbonaceous Material 
The Jacksonburg Limestone contains up to 5% 
carbonaceous material, mostly as finely divided flakes 
The carbonaceous material generally shows a strong 
preferred orientation roughly along and parallel to 
slaty cleavage.  Vein minerals commonly have included 
carbonaceous material. 
The carbonaceous material appears "graphitic" 
but lacks the crystallinity of graphite.  The thermal 
history of coal can be deduced by studying the reflec- 
tance of polished slabs; however the finely divided, 
carbonaceous material from the Jacksonburg Limestone 
is unsuited for reflectance studies because of the 
grain sire and included material.  A method of step 
hefting selected samples and determining the amount 
and nature of the material volatized at each tempera- 
ture was used.  Assuming that metamorphic temperatures 
have caused volatization of organic compounds, experi- 
mental temperatures in excess of those extant during 
metamorphism should cause the expulsion of high mole- 
cular weight hydrocarbons. 
Fluid Inclusions 
Veins filled with interfingering quartz and cal- 
cite are widely distributed in the Jacksonburg Forma- 
tion.  The veins generally follow traces of slaty 
cleavage and are commonly deformed by second generation 
folding and slip cleavage related to crinkle folds. 
Both the calcite and quartz of the veins contain fluid 
inclusions; however the calcite inclusions are minute 
and the host crystals are twinned and cleaved.  The 
quartz crystals have inclusions of sufficient size and 
nature to warrant fluid inclusion studies. 
Following the original nomenclature of Sorby (1858), 
these inclusions fit the criteria of primary and secon- 
dary inclusions.  Primary inclusions are trapped as a 
crystal grows and secondary inclusions are trapped at a 
later time, for example, by the healing of fractures in 
the host crystal.  Both the primary and secondary inclu- 
sions record temperatures of geologic events. 
Mineralogy 
A third approach in deciphering the thermal history 
of the Jacksonburg Limestone involves the study of the 
layered silicates and authigenic minerals.  The miner- 
alogy is complex showing at least ten different mineral 
species.  Calcite, the most abundant mineral, is 
recrysta11ized yielding coarse-grained limestone and 
fine-grained limestone.  The coarse-grained limestone 
(cement limestone) is nearly pure calcium carbonate with 
grains approximately 1.5 millimeters in diameter, it 
makes up the lower third of the Jacksonburg.  The fine- 
grained limestone (cement rock), is argillaceous with 
up to 50% silica and silicate minerals.  The upper two 
thirds of the Jacksonburg Limestone is fine-grained. 
A detailed study of the type, polytypism, and structural 
state of the layered silicates and feldspars will help 
define the thermal and chemical conditions during meta- 
morphism. 
The findings from this study should establish some 
of the conditions of metamorphism of the Jacksonburg 
Limestone.  They also establish a suitable approach for 
a regional study of the Jacksonburg as well as the under- 
lying Beekmantown Group, and overlying Hartinsburg 
Format ion. 
Sample Location 
The Lehigh Valley is located in eastern Pennsyl- 
vania and western New Jersey (Fig. 1).  Samples of the 
Jacksonburg Limestone were collected at two sites in 
Northampton County, Pennsylvania and one site in 
Warren County, New Jersey.  The sample sites are shown 
in Figure 2. 
In the eastern part of Northampton County, samples 
were collected at Lehigh Portland Cement Company's 
former Sandts Eddy Quarry 0.5 kilometers west of Route 
611 on Mud Run Road, and the former Alpha Portland 
Cement Company Quarry on Route 611 0.5 kilometers south 
of the town of Martins Creek.  Samples from these sites 
are designated by the prefix E, and the sample sites 
are shown as I on Figure 2. 
Another sample site in Northampton County is the 
former Universal Atlas Cement Company's quarry near 
Howertown.  This quarry is between Schoenersville Road 
and Howertown Road just south of Route 329.  Samples 
from this site are designated by the prefix A, and the 
site is listed as 2 on Figure 2. 
Sample site 3 on Figure 2 is the active Universal 
Atlas Cement Company quarry, immediately north of 
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10 
Route 329, and east of the Hokendauqua Creek.  Saaplei 
from this quarry are designated by the prefix VAC. 
The only sample from Hew Jersey was collected at 
the abandoned Sarepta Quarry on Sarepta Road at its 
intersection with Ledge Road.  The Sarepta sample is 
designated by the prefix N and is site 4 on Figure 2. 
11 
GEOLOGICAL SETTING 
Int roduc t ion 
The Jacksonburg Limestone is part of the lower 
Paleozoic rock sequence of the Lehigh Valley in 
eastern Pennsylvania.  The rocks of the Lehigh Valley 
lie on the northern flank of the Precambrian granite 
and metamorphic rocks of the Reading Prong.  The 
ridge forming Shawangunk or Tuscarora Formations 
border the Lehigh Valley on the north.  A generalized 
stratigraphic section of the lower Paleozoic rocks is 
shown in Figure 3. 
The Jacksonburg Limestone of Middle Ordovician age 
is underlain by approximately 1300 meters of quartzite, 
dolomitic limestones and limestones of Cambrian and 
early Ordovician age.  It is overlain by approximately 
3,000 meters of pelitic and psammatic rocks of late 
Ordovician age.  The Ordovician rocks of the Lehigh 
Valley are separated from the Silurian Shawangunk and 
Tuscarora Formations by a major unconformity, probably 
the result of the Taconic Orogeny. 
Stratigraphy of the Jacksonburg Limestone 
The contact of the Jacksonburg Limestone and the 
underlying Epler Formation of the Beekmantown Group is 
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unconforraab1e.  Locally, the contact is marked by clasts 
of Kpler dolomite in limestone typical of the lower-most 
Jacksonburg.  In other parts of the Lehigh Valley the 
upper Epler Formation is indistinguishable from the 
Jacksonburg Limestone. 
The Jacksonburg Limestone is generally a dark oray 
to black limestone with increasing quantities of argil- 
laceous material in the upper part of the formation.  The 
lower part of the formation is a high calcium limestone, 
known as the "cement limestone", and the upper part, 
with its abundant argillaceous material is called "cement 
rock".  Sherwood (1964) established seven divisions in 
the limestone, but he found only four usable in field 
mapping of the formation (see Figure 4) .  The other three 
are only locally present and determinable only by 
chemical analysis.  Besides the upper cement rock facies 
and the lower cement limestone facies, two coarse-grained, 
crystalline limestone beds are mappable in the cement 
rock facies of Northampton County. 
The cement limestone facies ranges in thickness 
from 61-120 meters.  The rock is medium to dark gray 
with crystals reaching a maximum of 2 milimeters.  Bed- 
ding is generally thick, up to two meters, with con- 
spicuous bedding planes.  There are commonly argilla- 
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^ 
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Be«lcmantown dolomite N Sandstone and limestone in slate 
Jacksonburg     Formation 
Cement   rock facies 
argillaceous limestone 
crystalline limestone 
XJ Cement  limestone focies 
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n£jM Conglomerate 
C£3 Bedded chert 
Fig. 4.  Columnar section of Jacksonburg Limestone in 
Northampton   and   Lehigh   Counties,   Pennsylvania 
(after Sherwood, 1964). 
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ceous layers in the thick beds, but these can be seen 
only on weathered surfaces (Sherwood, 1964) .  The 
cement limestone has a gradational contact with the 
overlying cement rock facies (Miller, 1939, 1941; 
Sherwood, 1964; Drake, 1969a and b). 
The cement rock facies is an argillaceous lime- 
stone about 253 meters thick containing two crystal- 
line limestone units.  The argillaceous rock is a 
dark gray to black, fine-grained limestone.  On 
weathering, the limestone becomes gray or buff and 
parts with a platy habit. 
The cement rock facies is characterized by slaty 
cleavage.  Sherwood (1964) states that bedding has 
been almost obliterated by the slaty cleavage and 
relic bedding is marked by thin pyrite seams and slight 
color variations. 
The two mappable crystalline limestone beds in 
the cement rock facies are lithologically similar; 
however the lower bed is coarse-grained.  Layers of 
both units range from shaly layers to 0.5 meters.  The 
crystalline limestone is mottled tan-gray.  It commonly 
fractures perpendicular to the bedding, yielding 
angular blocks.  The lower crystalline limestone bed 
is 24 meters thick with 44 meters between its base and 
18 
the base of t h < cement rock faciea.  The upper crystal- 
line limestone is 32 meters thick and 46 meters above 
the lower crystalline limestone (Sherwood, 1964) . 
The Jacksonburg Limestone has many bentonite beds 
of both a regional and local nature.  The bentonites 
are exposed in all of the major quarries in the Lehigh 
Valley (Miller, 1939, 1941; Sherwood, 1964; Drake, 1969a 
and b).  Sherwood (1964), using the criteria proposed 
by Whitcomb (1932), mapped three beds through the area. 
The three are, a) a pyrite-bearing bed 2 to 3 meters 
thick, occuring 6 to 18 meters below the cement lime- 
stone - cement rock contact, b) a bed 1 to 2 meters 
thick, occuring 2 meters above the bed in a_, c) a bed 1 
meter thick occuring near the middle of the lower 
crystalline limestone. 
The Jacksonburg is locally abundantly fossiliferous 
The fossils indicate a middle Ordovician age and the 
species reflect deepening conditions from the shallow 
water shelf deposits of the Beekmantown Group and 
earlier rocks (Miller, 1939, 1941; Drake, 1969a and b). 
This is the start of the geosynclinal basin that cul- 
minates in the Taconic Orogeny of middle to late 
Ordovician time (Sherwood, 1964; Drake, 1969a and b). 
The Jacksonburg is conformable and gradational into 
the Martinsburg Formation.  Sherwood (1964), places the 
19 
contact of the Jacksonburg Limestone and Martinsburg 
Formation at a point where the insoluble residue is 
greater than 60%, see Table 1. 
Structural Geology 
The Jacksonburg Limestone crops out in the Appa- 
lachian Valley section of the Valley and Ridge province 
in eastern Pennsylvania and western New Jersey (Figure 
1) .  Structural relations in the Jacksonburg Limestone 
indicate two distinct phases of deformation.  Recumbent 
and isolinal folds are first generation structures and 
broad open folds and small crinkle folds were formed 
during a later period. 
The recumbent folds are the dominant structural 
feature in eastern Pennsylvania.  An axial plane slaty 
cleavage is genetically related to folds of the first 
generation. 
Second generation folds as described by Sherwood 
(1964) are of two types; 1) large open folds, and 2) 
small crinkle folds.  The second generation folds are 
superimposed homoaxially on those of the first genera- 
tion, deforming bedding and first generation features. 
Slip cleavage is genetically related to folds of the 
second generation. 
First generation slaty cleavage in the cement rock 
facies has obliterated many primary features.  Silicate 
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rninerala are concentrated along these cleavage planes. 
This suggests that the slaty cleavage is the result 
of pressure solution removal of calcite with a concen- 
tration and orientation of the silicate minerals. 
Quartz and calcite veins are commonly parallel to 
slaty cleavage filling voids created during first 
generation deformation.  Sherwood (1964) points out 
that the slaty cleavage has been deformed by second 
generation folding into large open folds or it wraps 
around later crinkle folds. 
A large recumbent fold was mapped by Sherwood 
(1964) from Weaversville, Pennsylvania to Ironton, 
Pennsylvania.  It is of sufficient magnitude to be 
designated as the "Northampton Nappe".  Drake (1969a 
and b) interprets the Northampton nappe as the brow and 
hinge of a regional nappe in the Delaware Valley.  The 
depth to basement in the Lehigh Valley suggests that 
there is at least a double thickness and probably a 
triple thickness of lower Paleozoic rock (Drake, 1969a 
and b). 
At the Alpha and Lehigh Portland Cement quarries, 
the structure is monoclinally dipping to the northwest 
(Figure 5). Sherwood (1964) reports the steepest dips 
as 42° NW, with normal bedding and nearly horizontal 
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cleavage.  The bedding-cleavage relationship shows this 
section to be the upper limb of a large overturned 
anticline or nappe. 
The Atlas quarries are located where the outcrop 
width is a maximum.  Sherwood (1964) reports this sec- 
tion as overturned with a probable repetition of beds 
(see Figure 6).  The evidence cited for overturned beds 
is fossil orientation and the fact that the Jacksonburg 
is resting on Martinsburg. 
The lower Paleozoic rocks of the Lehigh Valley 
have been deformed by the Taconic (400-450 m.y. ago), 
Acadian (350 m.y. ago), and Alleghenian(225 m.y. ago) 
Orogenies.  Triassic events resulted in further minor 
deformations.  The most widely accepted time of the 
first phase of deformation is Taconic.  However, two 
phases of deformation are usually recognized, but evi- 
dence is lacking to allow correlation of the second 
deformation to a specific orogeny. 
24 
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FLUID INCLUSIONS 
General Statement 
The Jacksonburg Limestone, the overlying Martins- 
burg Formation, and the underlying Beekmantown Group 
are extensively veined with quartz and calcite.  The 
veins are generally parallel to the slaty cleavage, but 
some are discordant.  Vein mineralization is commonly 
found at the crests and troughs of folds suggesting 
that the mineralization is closely related to that 
period of folding.  These veins are then folded in a 
pattern characteristic of second generation folds. 
Slip cleavage has commonly offset veins. 
Principles and Limitations 
Principles      \ 
The use of inclusions as an indicator of tempera- 
ture requires the presence of a vapor bubble.  It is 
assumed that the inclusion contained a homogenous 
medium at the time of formation, and with subsequent 
cooling, a cavity formed as a result of contraction and 
condensation of the filling material.  The point of 
homogenization of the filling medium with rising tem- 
perature is taken as equivalent to the temperature of 
initial formation of the inclusion.  Both primary and 
secondary inclusions in the vein quartz of the Jackson- 
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burg Limestone contain a vapor bubble, or what are 
termed, two phase liquid-vapor inclusions. 
Assumptions 
The use of fluid inclusions as indicators of 
the temperature of formation and nature of the 
mineralizing fluid is based on some underlying 
assumptions.  These were given by Sorby (1858) and 
further articulated by Roedder (1967). 
The following assumptions are abbreviated from 
Sorby (1858) and Roedder (1967, 1977) reports. 
1) Crystals grown in an aqueous medium 
generally trap some of the medium. 
The medium trapped was a single, 
homogenous phase representative of 
the mother liquor. 
2) There are no volume changes of the 
cavity in which the medium is 
trapped. 
3) The trapped medium is preserved 
without leakage into or out of 
the inclusion. 
4) The effect of pressure is insigni- 
ficant, or is known. 
5) The origin of the inclusions are 
known. 
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In the first assumption, t)-e presence of inclusions 
show that some of the medium the crystal grew from was 
trapped.  A single inclusion is insufficient to estab- 
lish that the trapped medium was homogeneous and repre- 
sentative of the mother liquor.  Many 2-phase liquid- 
vapor inclusions from the same crystal showing the same 
ratio of phases indicate that the medium form which the 
crystal grew was homogeneous.  If the medium was hetero- 
geneous, different ratios of liquid to vapor would be 
present in inclusions formed at the same time. 
The second assumption concerning an isovolume in- 
clusion requires qualification. Crystallization on the 
walls, thermal contraction of the host mineral on cool- 
ing, and dilational changes due to internal or external 
pressure change the volume of the inclusion. Roedder 
(1967, 1977) considers these effects insignificant with 
heating of the inclusion to its filling temperature. 
The idea of the inclusion as a sealed system has 
been evaluated by Roedder (1967, 1977) and Roedder and 
Skinner (1968) .  They conclude that leakage rarely 
occurs, except under severe crushing, deformation, or 
high pressure gradients.  Careful preparation and obser- 
vation can eliminate spurious samples and results. 
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The fourth assumption concerning pressure effects 
on fluid inclusions is of only minor concern with 
respect to inclusions found in the Jacksonburg Lime- 
stone vein material.  Pressure controls the density of 
fluids above the boiling curve of water on a pressure- 
density plate.  If the temperature of filling an in- 
clusion was in equilibrium with a gas or vapor phase 
(on the boiling curve), the homogenization temperature 
equals the trapping temperature and no correction is 
necessary.  An inclusion would start to form a bubble 
immediately on cooling.  If an inclusion is trapped at 
conditions above the boiling curve, for a specified 
fluid density, a bubble does not form until the pres- 
sure-temperature conditions have dropped to those on 
the boiling curve.  The difference in temperature 
between the boiling curve and actual temperature of 
trapping must be added to the temperature of homogeni- 
zation and is termed the pressure correction (Roedder, 
1967, 1977).  A pressure correction for inclusions 
found in the Jacksonburg vein quartz is no greater than 
10°C. 
The fifth assumption, centers on the recognition of 
primary or secondary inclusions.  Each records a distinct 
event in the rock's history. 
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All primary inclusions are surrounded by host 
crystal that grew at the same time the fluid was 
trapped.  Following the criteria of Roedder (1967, 
1977) inclusions in the vein quartz were considered 
primary if they met the following criteria; 1) a 
single (or three dimensional group) in an otherwise 
inclusion free crystal, 2) occurrence away from other 
inclusions for at least a distance of five times the 
diameter of the inclusion, 3) an equant shape, and 
4) their occurrence in euhedral crystals projecting 
into vugs or veins.  Typical primary inclusions found 
in the Jacksonburg vein quartz are illustrated in 
plate s 1 and 2. 
Secondary inclusions are those that form by any 
process after crystallization of the host.  Secondary 
inclusions are easily recognized in the Jacksonburg 
vein quartz as; planar groups outlining healed frac- 
tures and thin flat inclusions.  Secondary inclusions 
typically found in the Jacksonburg vein quartz are 
illustrated in plates 3, 4, and 5. 
Method of Study 
The preparation of thin sections for fluid inclu- 
sions studies is critical to the success of the study 
Slabs of vein quartz were cut carefully using a thin 
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Plate 1.  Terminated quartz crystal showing several 
primary inclusions near the apex of the 
crystal.  Circled inclusion is shown under 
high power in plate 2. 
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Plate 2.  Primary inclusion circled in plate 1 under 
high magnetification.  Vapor bubble makes 
up approximately 5% of the volume of the 
inclusion. 
32 
Plate 3.  Several healed fractures (horizontal lines) 
show planar array of secondary inclusions. 
Large vertical crack (black) is probably 
related to slip cleavage.  50X. 
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Plate 4.  Higher temperature (set A) secondary inclu- 
sions in planar array.  Vapor bubble makes 
up approximately 1% of the volume of the 
inclusion. 
34 
Plate 5.  Low temperature (set B) secondary inclusion 
under high power. 
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blade, smooth running, cut-off saw.  One side of the 
cut slab was ground and polished.  The polished side 
was mounted with epoxy cement on a standard micro- 
scope slide.  The reverse side was then ground and 
po 1 i s h e d . 
Heating experiments were conducted under the 
aegis of Dr. E. Roedder at the U.S.G.S. laboratory at 
Reston, Virginia.  The work was preformed on a Leitz 
350 hot stage using small specimens cut from the 
polished slabs.  Each inclusion was examined over two 
heating and cooling cycles to check reproducibility. 
If significantly different homogenization temperatures 
were obtained, it was concluded that the inclusion was 
fractured or stretched and the results discarded. 
Results 
Three sets of inclusions were found in the vein 
quartz of the Jacksonburg Limestone.  One set of 
primary inclusions and two sets are of secondary inclu- 
sions.  The three sets of inclusions yielded three 
different filling temperatures. 
Primary Inclusions 
Primary inclusions are generally less than 50 
micrometers in diameter. They have a vapor bubble 
occupying approximately 5% of the volume of the in- 
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elusions (plates 1 and 2).  The temperatures of homo- 
genization, or the filling temperatures fall between 
135 and 150°C.  Any pressure correction is minimal 
compared to the spread of homogenization temperatures. 
Secondary Inclusions 
Secondary inclusions are made up of two distinct 
sets that were filled at two separate temperatures. 
The higher temperature secondary inclusions will be 
referred to as set A and the lower temperature set as 
set B.  Most secondary inclusions are of set A.  Set 
A inclusions are two-phase liquid-vapor while set B 
secondary inclusions are both liquid-vapor and liquid. 
Set A secondary inclusions are found in parallel 
to subparallel planes which appear as healed fractures, 
perhaps related to the rock cleavage (plates 3 and 4). 
The homogenization temperature of set A inclusions 
falls between 90 and 100°C.  The vapor bubble makes up 
approximately 1% of the volume of the inclusion.  No 
pressure correction was deemed necessary for set A 
inclusions. 
Set B secondary inclusions of a two phase nature 
have homogenization temperatures that fall between 40 
and 55°C.  The single phase liquid inclusions were 
probably filled at the same temperature.  Roedder 
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suggested (personal communication) that the single 
phase liquid inclusions are existing metastably and 
simply failed to nucleate a bubble.  Clusters of set 
B inclusions lack a planar orientation. 
Conclus ions 
The three sets of inclusions found in the vein 
quartz of the Jacksonburg Limestone were acquired at 
three different temperatures.  Accounting for the 
temperature on the basis of geothermal gradients 
requires three different depths of burial for the 
three different sets of inclusions.  The depth of 
burial was a maximum for primary inclusions and 
shallower for each set of secondary inclusions.  The 
shallowest inclusions (set B) formed at 40 to 55°C. 
Using a geothermal gradient of 20°C/km, and a surface 
temperature of about 15°C, this corresponds to a depth 
of roughly 1.5 to 2 kilometers. 
The quartz and calcite of veins is probably 
derived from the Jacksonburg Limestone by pressure 
solution and redeposition in voids and zones of low 
pressure.  With such a source, the veins are probably 
Taconic in age and crystallized near the maximum depth 
of burial of the rock.  A geothermal gradient of 20°C/km 
gives a primary inclusion origin at a depth of from 7 
38 
to 10 kilometers.  Set A, secondary inclusions would 
require a depth of 4-5 kilometers. 
39 
CARBONACEOUS MATERIAL 
\ 
General Statement 
The deposition of plant and animal remains and 
the alteration of this debris, produce a wide variety 
of carbonaceous materials.  Organic particles are thus 
an ubiquitous constituent of carbonate rocks.  The 
Jacksonburg Limestone has up to 5% carbonaceous 
material, but generally it has 1-2%.  The Universal 
Atlas Cement Company, formerly separated the carbona- 
ceous material from zones of high concentration and 
processed it as graphite.  Consistant with this, 
samples collected from the Atlas Quarry were higher in 
carbonaceous material than the samples for other 
localities.  The insoluble residue is sufficiently 
concentrated in places to retard effervesense of the 
calcite with acid. 
Samples were collected where carbonaceous material 
was abundant.  All of the samples except one came from 
the cement rock facies.  The only sample from the 
cement limestone facies is from the New Jersey locality 
Amount of Carbonaceous Material 
Two methods were used to determine the amount of 
carbonaceous material present in the rock.  One method 
was treatment of the acid insoluble residue from 
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Table 2 
Percentage of carbonaceous material in samples of 
acid insoluble residue from the 
Jacksonburg Limestone 
Samp] Le * 
E- -1 
E- -2 
E- -3 
E- -4 
E- -5 
E- -6 
E- -7 
E- -8 
E- -9 
E- -10 
A- -1 
A- -2 
A- -3 
A- -4 
A- -5 
A- -6 
A- -7 
A- -8 
A- -9 
A- -10 
VAC 1A 
IB 
2A 
2B 
2C 
2D 
3A 
3B 
3C 
4A 
4B 
5A 
5B 
6 
7 
8 
Percent Carbonaceous 
Material 
1 . 2 
1, .6 
4 . 3 
3 .8 
5, .0 
6, . 2 
3 .0 
12 , .1 
10, .8 
8. .6 
10, .2 
11 , .8 
9, .6 
8. .9 
10, .8 
11, .3 
9, .4 
13, .2 
12, .6 
10, .8 
1. .1 
4, .1 
16, .9 
17, .2 
12, .8 
11, .9 
6, .2 
10, .0 
0. .001 
0, .0005 
9, .0 
10. .6 
12, .8 
10, .4 
9, .2 
11, .6 
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Table 2 (cont.) 
Samp] Le   • 
VAC 9 
10 
11 
12 
Percent Carbonaceous 
 Mater ial  
9.8 
18.9 
15.8 
15.0 
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crushed rock samples with warm hydrogen peroxide. 
Samples were washed and dried after the black color 
had disappeared.  The second method of determining the 
amount of carbonaceous material consisted of heating 
the residue in air at 350°C for twenty-four hours. 
Both methods gave similar results (Table 2). 
The carbonaceous material occurs as ragged flakes 
and as coating on micaceous minerals and clays.  The 
flakes are generally interbedded with the layered 
silicates.  They are extremely small with few single 
grains larger than 5 micrometers. 
Metamorphism of Organic Material 
Many studies on the degree of metamorphism of coals, 
the degree of maturation of petroleum, and the degree of 
metamorphism of dispersed carbonaceous material in 
sedimentary rocks have shown that fixed carbon content 
and its crystallinity increase with increasing metamor- 
phic grade. 
Reflectance 
Methods used to determine metamorphic grade depend 
on establishing the amount of fixed carbon, its crystal 
ordering, or properties that are the result of increased 
amounts of fixed carbon and crystal ordering.  Coal 
investigators, and more recently workers using dispersed 
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carbonaceous material, commonly use reflectance of 
polished sections as an indicator of metanorphic grade. 
Reflectance varies with the amount of volatiles present 
and consequently metamorphic grade.  Unfortunately, the 
organic material from the Jacksonburg was of insuffi- 
cient size and nature for precise reflectance determina- 
t ion . 
X-Ray Methods 
Grew (1973), using x-ray diffraction determined the 
crystallinity of carbonaceous material and related it to 
degree of metamorphism.  A progressive crystal ordering 
toward graphite was found with increasing metamorphic 
grade.  Volatile hydrocarbons and other impurities were 
found to disorder the stacking sequence of graphite. 
This resulted in x-ray diffraction line shafts, diffuse 
lines, or the disappearance of lines.  This x-ray pro- 
cedure is most useful for moderate to high grade meta- 
morphic rocks where crystallinity of the carbonaceous 
material approaches graphite. 
X-ray studies of the carbonaceous material from the 
Jacksonburg Limestone were completed.  Both a finely 
divided powder and a siickenslided slab were used.  The 
powder was prepared from whole rock samples following 
the procedure of Forsman and Hunt (1957).  The surface 
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of the slickenslide slab was directly x-rayed, hoping to 
take advantage of prepared orientation.  A large degree 
of disorder was found in the carbonaceous material.  The 
disorder was sufficient to render this technique useless 
in determining the metamorphic grade of the Jacksonburg 
carbonaceous material.  However, the x-ray study does 
indicate that the carbonaceous material is not graphitic, 
or even a disordered graphite.  The relative metamorphism 
of different specimens can be determined with short 
duration heating experiments.  If geological evidence 
for either time or temperature can be established, the 
essentially instantaneous laboratory experiments can be 
used to limit the other variable. 
Principles and Methods Used 
The expulsion of volatile constituents from carbona- 
ceous material is a function of temperature, time, and 
nature of the carbonaceous material.  Pressure has the 
effect of retarding volatilization.  The pressure effect 
is minimized by geologic time. 
Procedure 
The carbonaceous material of the Jacksonburg Lime- 
stone was fractionally distilled in a vacuum sublimation 
apparatus.  For this procedure, samples of carbonaceous 
material were placed in one arm of a Pyrex h-shaped tube 
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Sealed undtr 
vacuua 
White wax-like 
condensate 
Yellow-brown 
liquid con- 
densate 
Cold arm 
immersed in 
liquid nitro- 
gen 
of hot arm 
Fig. 7.  Diagram of h-type tude used in vacuum 
sublimation experiment. 
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(Fig. 7) .  A vacuum of approximately 10 nil meters of 
mercury was drawn, and then the tube was sealed by 
softening the glass with a torch.  The sample contain- 
ing arm of the h-tube was heated from 125°C to 400°C 
in 25° increments, each increment being maintained for 
fifteen minutes.  The cold finger was immersed in liquid 
nitrogen.  The cold finger was checked at the end of 
each heating increment for the presence and nature of 
a condensate. 
Results 
The h-tube experiment yielded two distinct types of 
condensates.  One type is a yellow-brown viscous liquid, 
and the other type is white and wax-like.  The two con- 
densates were separated in the cold finger, with the 
yellow-brown liquid condensing in the coldest region. 
The white wax-like condensate formed at the bridge be- 
tween the heating and cooling arms of the h-tube.  The 
temperature of appearance and type of condensate are 
listed in table 3. 
The yellow-brown liquid condensate formed between 
225°C and 275°C in all samples.  The white waxy conden- 
sate formed onl'y when the hot arm temperature exceeded 
300°C.  One sample (VAC-5b) had a yellow crystalline 
condensate form when the hot arm was between 200°C and 
250°C. 
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Table 3 
Temperature condensates were first observed 
during vacuur sublimation experiments on the 
carbonaceous material from the Jacksonburg 
Limes tone. 
Yellow-brown White wax- 
Sample 1iquid lik e so 1 id 
300°C 
Sulfer 
E-l - - 
E-2 250°C 325 - 
E-8 225 300 - 
E-9 250 325 - 
A-l - 325 - 
A-5 250 350 - 
A-7 250 325 - 
A-8 250 300 - 
VAC-5A 275 350 - 
VAC-5B 225 300 225-25 
VAC-10 250 325 - 
VAC-11 275 325 _ 
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The cold finger of the h-tube containing the con- 
densate was sealed under vacuum.  The condensates were 
carefully inspected, and upon opening the sealed tube, 
the odor was noted and the melting point of the collected 
material established. 
The odor of samples ranged from that of crude 
petroleum to an odor similar to that of burnt varnish. 
An odor similar to that of cresols was also detected. 
All of the odors were indicative of hydrocarbons. 
The melting point of the white wax-like conden- 
sate ranged from 148°C to 165°C.  The melting point was 
not sharp but occured over a range of 10-25 C.  The 
yellow crystalline material had a melting point in the 
range of 112-115°C, a value characteristic of sulfur. 
While no elemental analysis was performed, the melting 
point, the yellow color, crystalling nature, and a 
hydrogen sulfide odor, establish that the crystalline 
appearing condensate is elemental sulfur. 
It seems likely that the distillates from the 
Jacksonburg are similar to some constituents of petroleum, 
The boiling points of the constituents of petroleum 
increase as the number of carbons increase in the mole- 
cule (Fig. 8) . 
The range of temperatures found in the vacuum sub- 
limation indicates two groups of hydrocarbons are present 
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lubricating r 
waxy 
distillate 
<§®-^/  f    2.2A,15.17.17-Mej(anr»thyl 7,12- 
' Dl(3.5.5-Tnm*thylhexyl) 
Octadecane 
.£, Phytane 
.S,   Squalan* 
T,  Tri terpanes 
light' 
gas oils 
Kcrosirw 
Gasoline 
10        20        30       40        50        60       TO       80 90 
Carbon number 
Fig. 8.  Boiling point of common petroleum hydrocarbons 
verses carbon number (after Speers and Whit- 
head, 1969). 
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as volatiles in the Jacksonburg carbonaceous material. 
The yellow-brown liquid had a sublimation temperature 
comparable with typical petroleum hydrocarbons in the 
range of 10-20 carbon atoms.  The white wax-like material 
has a temperature indicative of hydrocarbons with more 
than 20 carbon atoms. 
The melting point of hydrocarbons increases with an 
increase in the number of carbons in the molecule. 
Hydrocarbons with greater than 20 carbon atoms have 
melting points in the range of values found for the con- 
densate from the Jacksonburg.  Thus, both sublimation 
and melting point determinations suggest that the hydro- 
carbons of the Jacksonburg have a carbon number greater 
than 20. 
Level of Organic Metamorphism 
A scale referred to as "Level of Organic Metamor- 
phism" (L.O.M.) was proposed by Suggat (1959) and modi- 
fied by Bostick and Damberger (1971) and Hood, et al. 
(1975) (Fig. 9).  These only indicate relative degree 
of metamorphism and have not been temperature calibrated. 
Furthermore, many investigators pointed out that both 
temperature and time are equally important in organic 
metamorphism. 
Maximum temperature with an effective heating time 
were combined and related to the L.O.M. scale by Hood, 
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Fig. 9.  Definition of L.O.M. scale on basis of 
modification of Suggats (1959) coal-rank 
column.  Comparison with the modified 
composite column of Bostick and Damberger 
(1971) both scales are thought to be 
approximately linear with depth (after 
Hood, et al. , 1975) . 
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ot al. (1975)  (Fig. 10).  The meaning of effective heat- 
ing time was carefully given by Hood, et al. (1975, p. 
990) as follows: 
If a sediment which was formed 150 m.y. ago 
required 100 m.y. to reach a temperature of 
120°C, and if at the same time during the 
remaining 50 m.y. the temperature of the 
sediment reached a maximum of 135°C and did 
not drop below 120°C, the last 50 m.y. is 
counted as the effective heating time. 
Unfortunately, the use of the temperature versus time 
graph requires a knowledge of the geologic history of 
the rock.  Although the conditions of these time- 
temperature graphs are inprecise, they can be judiciously 
used to limit some parameters. 
The true temperature of metamorphism of the Jackson- 
burg is taken as 130 C based on values for filling of 
fluid inclusions.  The apparent temperature from short 
term sublimation experiments is about 250 C.  If the 
time-temperature relations shown in figure 10 for L.O.M. 
can be sufficiently refined, the two temperatures ob- 
tained from the Jacksonburg will establish the duration 
of metamorphism.  Unfortunately, the L.O.M. temperature- 
time relations are insufficiently known; however a 
cursory comparison of the Jacksonburg data to figure 
10 suggests that the period of metamorphism was long, 
for example 10  years. 
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fMECTlVE   HEATING  TIME.   MIUlONS   Of VEARS 
I t,(l ' TIME  WITHIN  I5"C   OF   TMA1 I 
100 tooo 
cd> 
Fig. 10 Relation of L.O.M. levels to maximum tempera- ture and effective heating time.  The relative 
importance of time with respect to temperature 
is essentially equivalent to doubling the re- 
action rate for each temperature increase of 
10°C   Activation energies EA were determined 
from slopes of the lines (after Hood, et al . , 
1975). 
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MINERALOGY 
General Statement 
The Jacksonburg Limestone is divided into two major 
units.  The division is based on the amount of acid 
insoluble residue and grain size of the calcite.  The 
acid insoluble residue is mostly mica, quartz, chlorite, 
feldspar, and carbonaceous material.  Some heavy minerals, 
as apatite and zircon, rarely are found. 
The acid insoluble fraction of the Jacksonburg Lime- 
stone increases toward the top of the formation.  The con- 
tact between the Jacksonburg Limestone and the Martins- 
burg Formation is taken as the place where the non- 
carbonate fraction reaches 60% of the total rock (Table 
1) - 
The Jacksonburg Limestone shows little regional 
variation from New Jersey through Berks County, Pennsyl- 
vania.  West of Berks County the Jacksonburg Limestone 
does not show the same metamorphic grade as that of 
Lehigh and Northampton Counties.  The carbonaceous 
material in the western area lacks the graphitic nature 
and black'color of the eastern material (Gray, 1951; 
Rones, 1969; Spellman, 1966). 
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Insoluble Residue 
Sample Preparation 
Specimens from the four sample sites of this study 
were crushed and digested in a 10% hydrochloric acid 
solution.  The residue was repeatedly washed and then 
dried at 100°C for one hour.  The percentages of in- 
soluble residue are listed in table 4.  All the samples 
except N-l were taken from the cement rock facies. 
Sample N-l is from the cement limestone facies.  Both 
x-ray diffraction and optical methods were used to 
determine the minerals present. 
Mineral Abundance 
Relative abundance of minerals was determined from 
peak amplitudes on x-ray diffractograms and 500 point 
counts using the optical microscope.  The 20 peaks 
with copper k« radiation used to determine the relative 
abundances were: albite, 28°; muscovite, 18°; chlorite, 
12.5°; and quartz, 21.9°.  Typically, quartz and musco- 
vite were roughly equal, each making up 30-40% of the 
insoluble residue.  Chlorite was third in abundance. 
It generally made up 15-20% of the insoluble residue. 
Chlorite was found in quantities less than 1% only near 
the base of the Jacksonburg. 
Feldspar is generally less than 5% and rarely ex- 
ceeds 10% of the insoluble residue.  The rare high 
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% Insoluble I )escription 
8 from veins 
7 from veins 
34 10.0 from vein 
38 5 cm from vein 
49 1 cm from vein 
36 same stratigrapl 
Table 4 
Percentage of acid insoluble residue 
in samples of the Jacksonburg Limestone 
Sample * 
E-l 
E-2 
E-3 
E-4 
E-5 
E-6 
as above - 10 meters 
from vein 
E-7 26 samples from floor to 
E-8 28 top of quarry 
E-9 31 
E-10 58 
A-l 38 1 meter from vein 
A-2 40 0.5 meter from vein 
A-3 45 1 cm from vein 
A-4 36 sampled from top to 
A-5 34 botton of quarry 
A-6 34 
A-7 34 
A-8 37 
A-9 36 
A-10 35 
VAC-1A 12 crystalline interbed 
VAC-2A 29 adjacent  argillaceous 
bed 
VAC-IB 26 1 meter from vein 
VAC-2B 29 0.5 meter from vein 
VAC-2C 31.0 0.25 meter from vein 
VAC-2D 36.0 0.1 meter from vein 
VAC-3A 40.0 5 cm from vein 
VAC-3B 46.0 1 cm from vein 
57 
Table 4 (cont.) 
Sample # % Insoluble Description 
VAC-3C 1.5 in vein 
VAC-4A 0.12 crystalline bed adjacent 
to vein 
VAC-4B 20 argellaceous layer 
adjacent to vein 
VAC-5A 36 samples taken through 
VAC-5B 32 section from top to 
VAC-6 31 floor of quarry away 
VAC-7 39 from veins 
VAC-8 30 
VAC-9 28 
VAC-10 3 2 
VAC-11 33 
VAC-12 32 
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values are within several centimeters of quartz and 
calcite veins.  Pyrite is commonly found but rarely 
exceeds 5%.  It is concentrated along bedding planes, 
and it occurs as replacement of fossils and cubes 
disseminated in the rock.  Apatite and zircon are 
commonly found but constitute much less than 1% of the 
insoluble residue. 
Layer Silicates 
Nature and Occurrence 
The layer silicates and carbonaceous material are 
concentrated and oriented along planes of slaty clea- 
vage.  The concentration and orientation is thought to 
be due to pressure solution of the carbonate minerals 
(Sherwood, 1964; Drake, 1969a and b; Drake and Epstein, 
1967). 
Coatings and interstratification of carbonaceous 
me.terial makes it impossible to optically study the 
layer silicates without further beneficiations.  The 
carbonaceous material was oxidized with warm hydrogen 
peroxide or by heating in air to 350°C for 24 hours. 
This treatment had no effect on x-ray properties of 
the layer silicates, but it did clean the minerals 
sufficient for optical studies. 
The layer silicates range in diameter from less 
than 1 micrometer to 0.10 milimeters and are colorless 
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to yellow-green.  Grains were either ragged shards or 
aggregates of shards.  The shards within an aggregate 
lacked optical continuity.  Some small shards have a 
rough hexagonal form with ragged edges.  Other shards 
appear to be bundles or fan shaped with whispy ragged 
edges.  Carozzi (1972) indicates that the morphology 
of the layer silicates in the Jacksonburg Limestone 
are suggestive of authigenic layer silicates in car- 
bonate rocks. 
o 
14A Layer Silicate 
o 
The 14A layer silicate showed an intensification 
o 
of the 14A x-ray peak and a diminution of the high 
order reflections with heating to 600°C.  None of the 
layered silicates in this study expanded with glycola- 
tion.  On some of the larger grains, a small positive 
2V was obtained, but most were too small for optical 
measurement.  All the determinations indicate that the 
o 
14A layer silicate is chlorite.  Ray and Gault (1961) 
reported sporatic montmorillonite in the Jacksonburg 
Limestone, but none was found in this study. 
o 
10A Layer Silicate 
o 
The 10A layer silicate retained its characteristic 
x-ray diffraction pattern after heating to 850°C for 
several hours.  The crystals are biaxial (+) with a 2V 
from 35 to 40°.  Indices were unobtainable because of 
60 
inclusions,grain size, and ragged borders.  X-ray and 
optical properties indicate that the mineral is musco- 
vi te . 
The rauscovite was x-rayed using a slow scan and 
quartz as an internal standard.  This data was used to 
determine lattice parameters using the computer program 
of Appleman and Evans (1973) .  The values are listed in 
table 5. 
The lattice parameters and axial angles show the 
muscovite to be the 2M polytype.  Velde (1965) reports 
that the 2M polytype is the only stable structural state 
of muscovite.  He synthesized thei2M polytype at tempera- 
tures as low as 125°C in a hydrous system under moderate 
pressure. 
Feldspars 
Nature and Occurrence 
Feldspar is found in all samples of the Jacksonburg 
Limestone studied for this report.  Feldspar is never 
abundant in the rock, and even in the insoluble residue 
it rarely constitutes more than 10%.  Rocks containing 
the higher concentrations of feldspar are adjacent to 
quartz and calcite veins. 
Rocks within 0.5 meters of veins have increased 
insoluble residue. The amount of feldspar increases 
by about the same amount the insoluble residue increases 
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Table 5 
Calculated lattice parameters for nuscovite 
from the Jacksonburg Limestone 
All are monoclinic and the 2$ polytype. 
Sample 
o 
a/A 
o 
b/A 
o 
C/A 
E-l 5.19 8.98 20.01 
E-2 5.19 9.02 20.01 
E-3 5. 18 8.99 20.01 
E-4 5.19 9.00 20.01 
E-5 5.19 8.99 20.01 
E-6 5.19 9.00 20.01 
E-7 5.18 9.01 20.01 
E-8 5.19 9.01 20.01 
E-9 5.19 8.99 20.01 
E-10 5.18 8.98 20.01 
A-l 5.18 8.99 20.01 
A-2 5.18 9.00 20.01 
A-3 5.19 9.01 20.01 
A-4 5.18 8.98 20.01 
A-5 5.19 9.00 20.01 
A-6 5.19 9.00 20.01 
A-7 5.18 8.99 20.01 
A-8 ,5.18 9.00 20.01 
A-9 5.18 8.98 20.01 
A-10 5.19 9.01 20.01 
VAC-1A 5.18 9.00 20.01 
VAC-IB 5.16 9.00 20.01 
VAC-2A 5.19 8.98 20.01 
VAC-2B 5.19 8.99 20.01 
VAC-2C 5.18 9.00 20.01 
VAC-2D 5.20 8.99 20.01 
VAC-3A 5.19 8.99 20.01 
VAC-3B 5.18 9.01 20.01 
VAC-4B 5.19 9.01 20.01 
VAC-5A 5.19 8.98 20.01 
VAC-5B 5.19 8.99 20.01 
VAC-6 5.18 9.00 20.01 
VAC-7 5.18 8.99  , 20.01 
VAC-8 5.19 8 .99 20.01 
VAC-9 5.19 9.02 20.01 
VAC-10 5.19 9.01 20.01 
VAC-11 5.19 9.00 20.01 
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( ?'i g . 11).   Immediately adjacent to veins, feldspar is 
found in the same relative percentages as auscovite and 
quartz. 
The feldspar occurs as euhedral crystals, with (001), 
(110),  (110), (130) and (201) faces commonly well 
developed (plates 6 and 7).  They are twinned after the 
albite and the X-Carlsbad laws.  Inclusions of carbonate 
minerals and carbonaceous material are ubiquitous in 
the feldspar (plate 8) .  Overgrowths are common on an- 
hedral to euhedral cores. 
The preponderance of feldspar is biaxial (+) with 
a large 2V.  The indices of refraction are:  « = 1.530 - 
1.532; 0 =1.532 - 1.533; y   = 1.537 - 1.538.  The optical 
data indicatts that the feldspar is albite.  Rarely were 
other feldspars found.  They were anhedral and some 
formed cores of euhedral crystals.  Some of these an- 
hedral crystals show grid twinning. 
X-Ray Study 
The feldspar was x-rayed using a slow scan and an 
internal standard.  This data was used to determine 
lattice parameters using the computer program of 
Appleman and Evans (1973).  The lattice parameters are 
listed in table 6.  Most samples could not be sufficiently 
benefacted to get good diffraction data on the feldspars; 
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Plate 6. Authigenic albite crystal, note inclusions 
and well developed crystal faces. Crossed 
nicols, 500X. 
66 
Plate 7.  Authigenic albite crystal showing single 
albite twin.  Crossed nicols, 500X. 
67 
Plate 8. Authigenic albite crystal with carbonate 
(rhombohedral shape) inclusion. Crossed 
nicols, 500X. 
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consequently, the reported values are for samples adja- 
cent to the veins and enriched in feldspar. 
The calculated c and b crystallographic axis were 
plotted on the projection introduced by Wright and 
Stewart (1968) and Stewart (1972).  This projection 
indicates structural state and composition (Fig. 12). 
The albite from the Jacksonburg is in the low structural 
state indicating a high degree of ordering of the 
aluminum and silicon tetrahedra. 
Conclus ions 
It is well established that muscovite and paragonite 
can be thermally decomposed to alkali feldspars and other 
products.  However, the albite in the Jacksonburg did 
not form by decomposition of the micas for the following 
reasons : 
1) muscovite is a potassium mica and the 
feldspar is albite. 
2) muscovite and albite coexist over a 
broad area rather than along an iso- 
grad as would be expected for a uni- 
variant reaction, and 
3) the feldspar abundance increases 
markedly near veins suggesting a 
genetic relation to vein mineraliza- 
tion . 
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Analyses of the Jacksonburg Limestone provided by 
Lehigh Portland Cement Company is listed in table 7. 
The k/Na ratio varies from 6.0 to 3.1.  Whitehead, et 
al. (1963) compiled data on ground water from several 
carbonate terrains.  He reported the k/Na ratio as 0.80 
to 0.02.  The ground water from limestones always has 
sodium as the most abundant alkali; whereas potassium 
is the dominant alkali in the rock.  This suggests a 
chemical change rather than a temperature dependence in 
the formation of albite and muscovite. 
Muscovite in the Jacksonburg has good crystallinity 
and is of the 2M polytype.  This indicates that degraded 
muscovite or illite in the original sedimentary material 
recrystal1ized.  Thus, the muscovite is probably an 
authigenic mineral.  The euhedralism, structural state, 
purity, and inclusions indicate the albite is authigenic 
The muscovite, a potassium mica, probably formed 
during diagenesis and metamorphism and scavenged the 
available potassium from interstitial or pore water. 
This left a solution with a high sodium to potassium 
ratio which favored the formation albite.  The abundance 
of calcite in the veins and the absence of detectable 
calcium in the feldspar is probably the result of the 
partial pressure of carbon dioxide during vein minerali- 
zation. 
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Table 7 
Chemical analysis of the Jacksonburg Limestone 
from three Lchigh Portland Cement Company Quarries 
(per. comm. - C. W. Yost,  1977). 
0 r m r o d Q' J a r r y 
Elcment s Cement 1 Rock Cement Limestone 
S i 12.16 % 2.82 % 
Al 5 . 10 1 .04 
Fe203 2. 20 0. 35 
Ca 75. 2 51 .60 
Mg 4 .80 2 .28 
K20 0. 58 0.75 
Na20 0.41 0.10 
loss in ig 35 .0 > 42 .84 
Fogelsville Quarry 
Si 
Al 
Fe 
Ca 
Mg 
K20 
Na20 
loss 
21 . 21-16.30 
6.35- 5.99 
2.04- 1.93 
45.90-50.37 
in Ig 
1 .15- 0 
0 .40- 0 
31.80-33 
35 
35 
50 
8. .76- 4. . 36 
1 . 56- 1. .11 
0 , .76- 0. . 52 
35. .81-39. .17 
0, .60- 0. . 35 
0, .05- 0, .10 
40, .00-41. .90 
Sandts Eddy Quarry 
K20 
Na20 
1 .16 
0 . 35 
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CONCLUSIONS 
The stratigraphic section overlying the Jacksonburq 
Limestone prior to its initial deformation was not suf- 
ficient to account for the level of metamorphism indi- 
cated by the present study.  However, the formation of 
nappes during the Taconic Orogeny resulted in a dupli- 
cation of the section yielding a great total thickness. 
This is thought to have been the deepest burial of the 
Jacksonburg Limestone (Sherwood, 1964; Drake and 
Epstein, 1967; Drake, 1969a & b, Dallmeyer, 1974). 
Veins are probably related to the first major 
episode of deformation.  They are found along planes of 
slaty cleavage and in voids created during the Taconic 
deformation.  The vein minerals, quartz and calcite, 
are probably derived from the Jacksonburg Limestone by 
pressure solution. 
Inclusions found in the veins are of two types, 
primary and secondary.  The primary inclusions indicate 
a temperature of formation of 130-150°C.  There are 
two sets of secondary inclusions.  The higher tempera- 
ture set has a homogenization temperature of 90-100°C. 
This set is orientated along parallel to subparallel 
planes.  The second set of secondary inclusions have a 
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homogenization temperature between 4 C and S5C.  Both 
sets of secondary inclusions record a geological event, 
but the timing is unknown.  It seems likely that some 
secondary inclusions are related to slip cleavage. 
Volatile constituents of the carbonaceous material 
were sublimated at a temperature of 250°C.  Sublimation 
temperature alone is not a suitable single measure of 
the level of organic metamorphism.  Duration of meta- 
morphics heating is an equally important parameter. 
The Jacksonburg Limestone has abundant open space. 
This suggests that any volitalized hydrocarbons could 
migrate out of the Jacksonburg. 
The temperature of homogenization of primary inclu- 
sions are taken as the maximum temperature to which the 
Jacksonburg has been heated.  The temperature obtained 
in the vacuum sublimation is commensurate with the 
fluid inclusion data.  Using Fig. 10, this suggests a 
long period of metamorphism. 
The acid insoluble minerals of the Jacksonburg 
are compatible with the temperatures of metamorphism 
as indicated by both the fluid inclusion and carbona- 
ceous material.  The mineralogy can not be used to 
further restrict the temperature range during meta- 
morphism . 
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Muscovite h a.«» a 2.V poly type structure, and the 
morphology and crystal 1inity of grains suggest a re- 
crystallization of degraded micas or other original 
sedimentary material.  This indicates that the musco- 
vite is an authigenic mineral. 
Albite is found throughout the Jacksonburg Lime- 
stone.  It is found in quantities greater than 10% of 
the insoluble residue only adjacent to veins.  The 
albite is authigenic as indicated by its composition, 
structural state, inclusions of host carbonate and 
carbonaceous material, and the morphology and twinning. 
Rarely feldspars of differing compositions are found, 
all are typical of detrital grains.  The presence of 
increased quantities of albite adjacent to veins sug- 
gest that the albite mineralization is related to vein 
mineralization. 
The authigenic minerals in the insoluble residue 
are best explained as the result of chemical change 
rather than increasing temperature during metamorphism. 
Thus, they help define the nature of the fluid present 
during metamorphism. 
The potassium mica, muscovite, probably scavenged 
the available potassium from interstitial or pore water, 
This left a sodium-rich solution which favored the 
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formation of authiqenic albite.  Calcite crystallization 
in the veins and the absence of calcium in the albitic 
feldspar was probably controlled by the partial pres- 
sure of carbon dioxide.  The vein minerals and associ- 
ated fluids were probably derived by an intraformation 
origin of pressure solutions. 
The major deformation of the Jacksonburg Limestone 
was during the Taconic Orogeny.  An overprint of the 
Accdian and Alleghenian Orogeny is present.  The rela- 
tion of specific minerals or features of the different 
orogenies is uncertain.  Primary fluid inclusion yeild 
a temperature of about 150°C.  A geothermal gradient of 
20°C per kilometer would require a depth of burial of 
7.5 kilometers.  Such depth requires the repetition of 
the stratigraphic section such as occured by nappes 
formation during the Taconic Orogeny.  Both the Acadian 
and Alleghenian Orogenies involved insufficient section 
to account for the 7.5 kilometers depth.  Thus, it is 
fortuitous that the level and trend of organic meta- 
morphism of the Jacksonburg is grossly similar to that 
of the coals of Pennsylvania.  The amount of hydrocar- 
bons derived from the carbonaceous material suggest 
the Jacksonburg may have been a source rock for petro- 
leum.  However, the distillation from this source rock 
would have been principally during the Taconic Orogeny. 
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